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論文内容要約 
In DNA nanotechnology, the molecular structure of DNA and its Watson-Crick base-pairing rules are used to fabricate static DNA-based 
structures. Integration of those structures with programmable DNA reactions have been used for creating dynamic DNA structures, which are movable 
adopting different configurations (intermolecular or intramolecular). The most popular of such reactions is the toehold-mediated strand-displacement 
reaction. In this reaction, a DNA strand input is used to sequence-specifically remove a target strand in a DNA duplex. The removed target strand is 
released and ready to interact with other molecules. This reaction can be used, for example, to drive an intramolecular reconfiguration or self-assembly 
between tiles. However, this reaction generates by-products which may crosstalk with important molecules, originating noise. To prevent this, it is 
desirable to use a driving “interaction” that does not damage the structure or contaminate the environment solution. Such “interaction” is related to a 
responsive molecule embedded in the dynamic structure and, importantly, the structure itself. The aim of this thesis is to use physico-chemical 
interactions, other than the strand-displacement reactions, for driving dynamics. The main question becomes “how to use physico-chemical interactions 
for novel dynamic structures?”. To answer this, it must be considered the inseparable relationship between structure and physico-chemical interaction. 
This thesis shows novel methods for making dynamic structures made of DNA molecules. In particular, the thesis is organized to show four methods, 
which were published in five peer-reviewed papers. Briefly, the methods are described as follows.  
The first method is about using intramolecular springs to control supramolecular self-assembly. Such springs, properly called entropic 
springs, are made of single strands of DNA. An entropic spring is defined as the one that, when stretched, 
tend to return to higher entropy states. These springs can be harnessed by incorporating them into DNA 
nanostructures. For this method, I designed a DNA origami nanostructure composed of two symmetrical 
rigid parts. Such parts are joined by a hinge (which is a single phosphate molecule that belongs to a DNA 
strand), and two springs (which are carefully chosen DNA strands that belongs, in the DNA origami 
technique context, to a long circular DNA called scaffold). Both symmetrical parts can rotate around the 
hinge, but the rotation is limited by the geometry of the rigid parts (this geometry is called contacting 
edges). The nanostructure is further functionalized with connecting bonds on each of the two symmetrical 
parts. The bond design is made using stacking interactions between DNA blunt-ends, in such a way that 
two nanostructures connect with specificity. This specificity allows the nanostructures to self-assemble into nano rings with multiple sizes during 
one-pot synthesis. With this design conditions, the angle between bonds can adopt values between 60 °C and 120 °C. Under thermodynamic 
equilibrium, the rings are observed using an atomic force microscopy. The size of the rings (the number of component nanostructures) is controlled by 
tuning the length of the springs (namely, the number of nucleotides in each strand). The ring formation is a dynamic process and the yield changes over 
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time reaching the equilibrium state. This behavior qualitatively agrees with our simulation. This simulation is based on chemical kinetic reactions. The 
number of nanostructures in the rings are considered as products of the reactions. The parameters of the reactions are obtained from the geometry of the 
nanostructures (angles can vary between 60 °C and 120 °C). Also, the time-dependence of the self-assembly process is predicted and confirmed by 
experiments. Since this simulation is based on the geometry of the nanostructure, other structures with movable parts and connections can be simulated 
(as for example, polymer formed by structures with connections that can rotate along the nanostructure axis). The present methodology (concept, 
design and simulation) will be useful for designing reconfigurable nanostructures.  
The second method is about making hydrophobic DNA nanostructures and their applications. Two ways for making hydrophobic 
nanostructures are presented. One is in-solution and the other is in-situ (on a substrate surface). 
Confirmation of the formation of the hydrophobic DNA nanostructure is made by UV-vis 
spectroscopy, circular dichroism, Fourier transform infrared and AFM observations. The second 
method is divided into two parts. The first part is about using hydrophobic modifications to control 
migration from a hydrophilic surface region to a hydrophobic surface region (oily surface). It is 
realized an in-situ method for coating a DNA nanostructure with cationic lipid (hydrophobic, oily 
molecule). The lipid (2C12N+, cationic) coats the DNA through electrostatic interactions in the sense 
that it is attracted to the negatively-charged DNA backbone. The lipid, in abundant quantities, coat 
completely the DNA nanostructure, which becomes hydrophobic. This hydrophobic DNA 
nanostructure can interact with hydrophobic regions. By using lithography, a hydrophilic (silicon 
wafer) surface with hydrophobic (oil) pattern is fabricated. Bare DNA nanostructures can statically be 
deposited onto the wafer surface. By adding the lipid, the nanostructure becomes hydrophobic. Hydrophobic nanostructures are released from the 
wafer surface and migrate towards the oily surface through solution. Eventually, hydrophobic nanostructures are extracted onto the hydrophobic 
surface. The second part is about using macroscopic pressure to control supramolecular alignment. The hydrophobic DNA nanostructure is made 
in-solution by coating with the cationic lipid 2C18N+). Hydrophobic nanostructures are deposited on the air-water interface, forming a 
Langmuir–Blodgett film. The confined area of the Langmuir–Blodgett film can be mechanically compressed by applying an external pressure; 
reversed expansion process is also possible. After repeating several compression/expansion cycles, a 1D assembly is generated by the alignment of 
hydrophobic nanostructures at the air-water interface. The length depends on the number of cycles. The achieved migration to oily surface and the 
supramolecular self-assembly (or alignment) will be used to make more complex architectures using DNA nanostructures. 
The third method is about using UV light irradiation to control gel-sol phase 
transitions. For this purpose, a special hydrogel is made by solely using DNA molecules. The 
hydrogel is an ensemble of DNA motifs that have a four-branched shape. In each branch end, there 
are single strands (sticky ends) that allow the specific connection between motifs. The single strands 
have an incorporated photo-responsive artificial base. The artificial base can be cross linked to a 
Thymine base by using a UV light frequency (366 nm). The reversible process, cross cleaving, is 
possible by applying a different UV light wavelength (340 nm). In the hydrogel context, the motifs 
connect when cross linked (gelation), and disconnect when cross cleaved (solation). In this method it is also found that a combination of temperature 
and time play an important factor for the gelation and solation of the DNA hydrogel. Particularly, a temperature of 4 °C and at least 2 secs are required 
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for gelation, and a temperature of 45 °C and at least 10 secs are required for solation. Gelation and solation are confirmed by putting a steel ball on the 
sample surface. If the steel ball sinks, it is said that the sample is sol. If the ball keeps on the surface, it is said the sample is a gel. Further confirmation of 
sol and gel is given by measuring the diffusion coefficient of trapped fluorescent microbeads. The phase transitions can be repeatable at least five times, 
which make them useful as hydrogel actuators for molecular robotics and for release of medical drug (for example encapsulated drugs can be released 
by a phase transition).  
The fourth method is about using electric field to control DNA dehybridization. DNA strands are hybridized or captured by 
DNA-integrated hydrogels, and are linked to a gold nanoparticle. The hydrogel is made of polyacrylamide:bis networks, and DNA strands (anchor 
strands) are chemically integrated into it by an acrydite modification (preparation of the DNA-integrated hydrogel is done by mixing components and 
triggering the polymerization of the networks including DNA strands). The linked gold nanoparticle has a negative charge, and a defined diameter size. 
The single linkage of DNA and gold nanoparticle (hereinafter called DNA-GNP) are 
confirmed by 2% agarose electrophoresis. The DNA-integrated hydrogel and the captured 
DNA-GNP are placed inside a capillary with 1 mm/1.5 mm inner/outer diameters. The 
capillary is approximately 3 cm, and the DNA-GNP are located closed to the middle point 
(about 1.2 cm from the capillary end). The capillary is inserted in a silicon chamber 
composed of two reservoirs (for buffer solution). In each reservoir, Pt wires are placed and 
connected to DC power source. In series with the circuit a shunt resistor is placed to calculate 
the current by measuring the voltage drop (ohm law). Temperature is measured on the outer 
surface of the capillary (at the middle point) by using a thermocouple. pH measurements have 
been carried before and after voltage application in each reservoir, closed to the electrodes. By applying voltage, an electric field is generated. Under the 
maximum applied voltage, 100 V, neglectable increments of temperature and pH changes are measured. Due to the reddish color of the GNP, a fixed 
area comprising the DNA-GNPs is recorded by using CCD camera. Under voltage, GNPs undergoes an electrophoretic force due to its negative 
charge. The electrophoretic force pulls the GNP with the DNA strand, after some time the DNA strand is removed (dehybridized) from the duplex. 
Unzipping and shearing of the DNA duplex are achieved, depending on whether the force is perpendicular or parallel to the DNA duplex. Under 100 V, 
it is found that unzipping dehybridize faster than shearing (which indicates than unzipping is weaker than shearing). Voltages dependence (from 20 V to 
100V) are tested, as well as several DNA duplex lengths (15 nt, 20 nt, 25 nt, 30 nt, 49 nt) and gold nanoparticles sizes (5 nm and 10 nm) are tested. In 
the voltage dependence experiment, it is found that the critical voltage for unzipping depends on the voltage application time, which is first time 
confirmed experiment of a theoretical claim. Increasing the DNA length increases the dehybridization time. The size of the GNP increases the 
electrophoretic force, and therefore speed up the time for dehybridization. To support the effect of GNP on the dehybridization under electric field, a 
DNA strand modified with a fluorescent FAM molecule (this is called bare DNA strand) is used instead of the GNP. It is found that the bare DNA 
strand remains hybridized to the anchor strand under 100 V for the whole observation, which support the effect of the electrophoretic force on the GNP 
for dehybridization. As the proposed methodology is general, several modifications can be made including using microfluidics and other hydrogel 
structures. This method will be used in several ways including making reusable molecular computing systems (by using electric fields to open hairpins, 
and to close them in the absent of fields) and medical therapeutic systems such as controllable release of DNA strands (at the same time, electrically 
excited GNP can be used to porate cells). 
In conclusion, the main question of this thesis, “how to use physico-chemical interactions for novel dynamic structures?”, has been 
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answered by designing four novel methods for dynamic DNA structures. The presented four methods opens new directions for the state of the art. In 
the first method, the self-assembly of rings made of shape-variable monomers has been studied by experiments and a chemical kinetic simulation of 
flexible monomers. The diameter of the rings ranges from 100 nm to 200 nm, which makes them useful as scaffold for long-term experimental 
investigations such as microtubules running in circles. In the second method, the in-situ lipid-modification of DNA nanostructures deposited on a 
surface has been demonstrated. DNA nanostructures became hydrophobic with its structural properties preserved. With this insight, it was developed 
the motion of DNA nanostructures from 2D surface to another 2D surface by 3D migration. Also, hydrophobic DNA nanostructures were put at the 
air–water interface to form Langmuir–Blodgett films. By applying pressure to the LB confined area, hydrophobic nanostructures underwent 
supramolecular anisotropic 1D alignment (up to 2 μm after). In the future, with the help of the presented lipid-modification methods, sophisticated 
DNA devices will be created in any substrate, and complex architectures will be driven by pressure at the air-water interface. In the third method, a 
novel DNA hydrogel with designed gel-sol phase transition properties based on reversible photo reaction has been implemented. The minimum DNA 
concentration is as low as 40 μM. Gel-sol transitions were observed for at least 5 cycles. In the future, the proposed photo-responsive hydrogel will be 
useful as medical device in applications including drug delivery and molecular diagnostics by delivering sensing molecules into cells. The reversible 
gel-sol transition will be utilized as a mechanical actuator in biochemical-mechanical devices. In the fourth method, DNA dehybridization in hydrogel 
by using electrophoretic force on negatively-charged GNPs (electric field of 25 V cm -1) has been achieved. The gradual release of unzipping molecule 
was faster than shearing. For the first-time, it was shown that the hybridization ratio depends on the voltage application time. In the future, GNPs will 
be used as electromechanical actuators, and our proposed method will be applied in real-world devices for DNA computing including resetting the 
logic-circuitry of slime-type molecular robots, theragnostics (therapeutics/diagnosis) and mechanobiology using hydrogels.  
 
 
 
